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Introduction 
An understanding of elevated temperature mechanical behavior of metal-matrix composites (MMCs) is 
important in the forming, production and design of MMC components. Often, MMCs are consolidated into 
billets which are subsequently thermomechanically processed. Such elevated temperature deformation processing 
is usually part of the production routine and results in enhanced composite ambient temperature properties [1-5]. 
The improved creep resistance offered by MMCs make them attractive for use at high temperatures and these 
applications would benefit from an understanding of high temperature deformation behavior. Enhanced ductility 
and even superplastic response during elevated temperature deformation have been reported for some particle- 
and whisker-reinforced Al-based MMCs [6-8], but the underlying mechanisms are not understood at the present 
time. 
Previous work [1,9] on cast and extruded Al-based MMCs, containing AI203 particles about 12pm in size, 
has shown that matrix grain refinement and homogeneity of the reinforcement distribution are substantially 
improved by thermomechanical processing (TMP). Grain sizes in the range 15-30~m, depending on particle 
volume fraction, may be achieved by TMP [9]. Ambient ductility of about 10 pct. was realized in the processed 
materials heat treated to peak strength. This is a significant improvement over the 1-2 pct. ductility of the as- 
cast material. The enhanced composite ductility was attributed to microstructural refinement and 
homogenization during TMP. The grain refinement was modeled in terms of particle stimulated recrystallization. 
Here, we consider the elevated temperature mechanical response and the fracture behavior of this composite. 
Exoerimental 
The composite used in this study was provided by DURALCAN, San Diego, CA, and consisted of a cast 
and extruded AI-Mg-Si alloy (6061) reinforced with 15 vol. pct. A1203 particulate of average size =12/~m. This 
material was thermomechanically processed by rolling at either 350°C or 500°C with reheating between each 
pass. Further details of the material, processing, sample preparation methods and metallographic techniques 
have been described elsewhere [1,9]. Mechanical testing was conducted at elevated temperature with tensile 
specimens machined from the rolled sheet such that the tensile axes were parallel to the rolling direction. The 
specimens had gage dimensions of 12.7 mm length, 5.1 mm width and 2.0 mm thickness. The tests were 
performed at temperatures ranging from 200°C to 500°C with crosshead speeds varying from 0.05 mm/min to 
254 mm/min, providing strain rates from 6.7 x 1~ 5 s "1 to 6.3 x 10 1 s ~. Scanning electron microscopy was 
employed to study the fracture surface. 
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Results and Discussion 
In Fig. 1, the tensile strength of the composite is plotted as a function of test temperature between 20&C 
and 500°C. Similar strength dependence on temperature was observed for both processing conditions (compare 
Figs. la  and lb). In both cases a normal drop in tensile strength with increasing test temperature and decreasing 
strain rate was observed for test temperatures up to about 400"C. Above this temperature, the tensile strength 
approached a nearly constant value in a manner consistent with data on other MMCs [10-13]. The ductility 
versus temperature data for both processing conditions are summarized in Fig. 2. At test temperatures below 
40&C, the ductility is low and decreases with increasing strain rate. Above this test temperature, an inversion 
in behavior is observed in both cases and the ductility increases with increasing strain rate. The regime of 
increased ductility corresponds to the region of nearly constant strength (Fig. 1). For both processing conditions, 
peak ductility exceeding 100 pct. elongation was observed at test temperatures near the prior rolling 
temperature. 
SEM fractography of a sample processed at 500°C and then tested at 300°C (~ = 6.7 x 10 .2 s "1) is shown 
in Fig. 3. This fractogragh is representative of all samples processed by either condition and deformed at 
temperatures up to 400°C. The fracture surface is characterized by the appearance of dimples indicative of 
matrix ductile failure by microvoid formation and coalescence. At higher magnification (Fig. 4) the fracture 
surface morphology is seen to comprise a bimodal distribution of dimples. Large dimples about 10-40gin in size 
appear to be associated with the A1203 particles and small dimples about 2-5#m in size are associated with the 
matrix material and constituent precipitates (Mg2Si). There is no evidence of decohesion at the particle - matrix 
interface. 
The fracture surface morphology of samples deformed at temperatures above 400°C is significantly 
different from that observed after lower temperature deformation. Fig. 5 is a fractograph of material processed 
and then deformed at 500~C (~ -- 6.7 x 10 -2 sl). Comparison of Figs. 3 and 5 reveals a change in fracture 
surface morphology. Microvoid formation and coalescence is less evident at this higher deformation 
temperature. The change in fracture mode is even more evident for material deformed at 500°C 
(~ = 6.7 x 10 .2 s'l), after processing at 350°C (Fig. 6a). Dimples, reflecting microvoid formation and coalescence, 
are no longer apparent. At higher magnification (Fig. 6b), tear ridges are seen to be interspersed with areas 
exhibiting a faceted appearance. 
The mechanical response and fracture behavior of this MMC are characterized by two distinct 
temperature regimes with a transition at about 400°C. Below this temperature, the composite fractures by 
ductile failure in the matrix, with little evidence of prior decohesion of the particle-matrix interface. The failure 
mode is consistent with fracture being controlled by nucleation of voids during plastic deformation. Similar 
behavior has been documented for other MMCs. It was suggested that such failures initiate by void formation 
in the matrix close to unfractured particles and subsequent microvoid coalescence then leads to failure [14-16]. 
Under this circumstance, dislocation deformation processes within the grains and especially near the particles 
dominate deformation and fracture processes. The ductility corresponding to this mode is 40 to 70 pct. 
elongation to fracture in this processed MMC. 
Above the transition temperature, both the mechanical and fracture behavior change. Ductility is seen 
to increase in association with the appearance of tear ridges and facets on the fracture surface. These latter 
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features may correspond to the onset of grain boundary sliding accommodated by slip or diffusional processes. 
The associated ductility is seen to increase to values of 80-110 pct. elongation to fracture. These relatively low 
ductilities compared to those reported for superplastic MMCs [6-8,17,18] are due to the presence of large 
(~12t~m) particles in this material. Indeed, it has been demonstrated [19] that coarse particles are detrimental 
to superplastic ductility. 
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Figure 1. Tensile strength versus test temperature for the 6061 A1 - 15 vol. pct. AI203 MMC 
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Figure 2. Elongation versus test temperature for the 6061 A1 - 15 vol. pct. A1203 MMC following 
processing by warm rolling at (a), 350°C and (b), 500°C. 
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Figure 4. SEM Fractograph of the 6061 
A1 - 15 vol. pct. A1203 MMC warm rolled 
at (a), 500°C and (b), 350°C. Both samples 
were tested at 300°C, ~ = 6.7 x 10 -2 s ~. 
Figure 3. SEM Fractograph of the 6061 
A1 - 15 vol. pct. A1203 MMC warm rolled 
at 50&C and tested at 300°C, 
= 6.7 x 10 -2 s -~. 
1314 FRACTURE OF COMPOSITE Vol. 26, No. 9 
Figure 5. SEM Fractograph of the 6061 
A1 - 15 vol. pct. A1203 MMC warm rolled 
and tested at 500°C, ~ = 6.7 x 10 -2 s -1. 
(a) 
(b) 
Figure 6. SEM Fractograph of the MMC 
warm rolled at 350°C and tested at 500°C, 
= 6.7 x 10 -2 s -1 (a), at a low magnification 
and (b), at a higher magnification. 
